To analyse the phenotype of Epstein-Barr virus (EBV)-infected lymphocytes in EBV-associated infections, cells from eight haematopoietic stem cell/liver transplantation recipients with elevated EBV viral loads were examined by a novel quantitative assay designed to identify EBV-infected cells by using a flow cytometric detection of fluorescent in situ hybridization (FISH) assay. By this assay, 0.05-0.78 % of peripheral blood lymphocytes tested positive for EBV, and the EBVinfected cells were CD20
Epstein-Barr virus (EBV) is a ubiquitous virus that infects humans worldwide. Acute infectious mononucleosis (AIM) is the primary EBV infection
, and current understanding of primary EBV infection is primarily based on studies of patients with AIM. EBV infects naïve B-cells in the tonsils and activates them; these infected B-cells can differentiate through a germinal centre in lymphoid tissue, becoming resting memory B-cells (Thorley-Lawson & Gross, 2004) . Alternatively, EBV may infect memory cells directly (Kurth et al., 2000) .
EBV-related post-transplant lymphoproliferative disorder (PTLD) is a life-threatening disease following haematopoietic stem cell or solid organ transplantation, and EBV infects B-lymphocytes in most cases (Rickinson & Kieff, 2006) . EBV also causes mild/moderate symptomatic diseases other than PTLD. Recently, serial EBV load monitoring following solid organ transplantation identified a population of recipients who subsequently developed and maintained very high EBV loads in the absence of clinical symptoms (Bingler et al., 2008; D'Antiga et al., 2007; Green et al., 2009) . In these cases, EBV also infected B-cells in peripheral blood (Gotoh et al., 2010) . Characterizing the EBV-infected lymphocytes in these different EBV-associated infections may provide a better understanding of the pathophysiology of EBV-related disorders.
We recently established a novel quantitative assay to identify EBV-infected cells that uses flow cytometric detection of fluorescent in situ hybridization (FISH) (Kimura et al., 2009) . With a fluorescein-conjugated probe that specifically hybridizes to the EBV-encoded small RNA (EBER), both nuclear EBER and surface lymphocyte antigens can be stained. This assay can be used with peripheral blood to characterize EBV-infected lymphocytes. With this FISH assay, we analysed peripheral blood in patients with EBV-associated T/NK-cell lymphoproliferative disease. The EBER-positive cells were found to be CD3 + CD4 2 CD8 2 TCRcd + T-cells in patients with hydroa vacciniforme-like lymphoproliferative disease, which is an EBV-positive cutaneous T-cell lymphoma (Kimura et al., 2009) , thus providing new insight into EBV-associated T/NK-cell lymphoproliferative disease.
In this study, we applied the FISH assay to peripheral blood from eight haematopoietic stem cell/liver transplantation recipients with increasing amounts of EBV DNA in their peripheral blood to characterize the EBV-infected lymphocytes. Four haematopoietic stem cell transplant recipients and four liver transplant recipients were enrolled in the study. A quantitative PCR assay detected a large amount of EBV DNA in the peripheral blood of all of the patients. A prospective analysis of EBV load in peripheral blood is routinely performed in our department to provide an early diagnosis of EBV-associated diseases in patients after stem cell and liver transplantation. Blood samples for the FISH assay (described below) were obtained from: four haematopoietic stem cell transplantation recipients with suspected symptomatic EBV infection; four liver transplant recipients without clinical symptoms but with the continuous presence of high EBV viral loads; and five healthy volunteers with a history of EBV infection. PBMCs were separated by density gradients from whole blood. Informed consent was obtained from all participants or their parents. This study was approved by the University of Nagoya Institutional Review Board.
Viral load was examined in the PBMCs of all patients. Viral DNA was extracted from 1610 6 PBMCs by using QIAamp DNA blood kits (Qiagen). The real-time quantitative PCR assay was performed as previously described (Kimura et al., 1999; Wada et al., 2007) . The FISH assay was also performed as previously described (Kimura et al., 2009) . Briefly, for surface marker staining, 5610
5 PBMCs were stained with phycoerythrin cyanin 5 (PC5)-labelled anti-CD20 mAb (clone B-Ly1, DakoCytomation), and phycoerythrin (PE)-labelled anti-IgD mAb (clone IgD26, MACS) or biotin-labelled anti-CD27 (clone O323, Biolegend) mAb, followed by streptavidin-PC5 (eBioscience), for 1 h at 4 u C. The cells were then fixed with 1 % acetic acid in 4 % paraformaldehyde/PBS (pH 7.4) for 40 min at 4 u C. After washing, cells were permeabilized in 50 ml 0.5 % Tween 20/ PBS at room temperature. The cells were resuspended in 45 ml of hybridization solution (6 % dextran sulphate, 10 mM NaCl, 17.5 % formamide, 0.061 % sodium pyrophosphate, 0.12 % polyvinylpyrrolidone, 0.12 % Ficoll, 5 mM Na 2 EDTA, 50 mM Tris/HCl, pH 7.4) containing 12 nM of the EBER PNA Probe/FITC (Y5200, DakoCytomation). Hybridization was carried out for 1 h at 56 u C. Then, the cells were washed twice and an Alexa Fluor 488 Signal Amplification kit (Molecular Probes) was used to enhance fluorescence and photostability. The stained cells were analysed using a FACSCalibur and CellQuest software (BD Biosciences). Up to 50 000 events were recorded for each analysis. The lymphocytes were gated by standard forwardand side-scatter profiles. Dead cells were not excluded. To determine the lower detection limit of the FISH assay for EBV + cells, we mixed EBV + Raji and EBV 2 BJAB cells in various ratios and quantified them by using the FISH assay (Kimura et al., 2009) . EBER-positive cells could be quantified, as the Raji/BJAB ratio was between 0.1 (EBVpositive cells were 10 %) and 0.0001 (0.01 %), although the population of CD19
+ EBER + cells was less clear at a ratio of 0.0001. Therefore, the detection limit of the FISH assay was considered to be 0.01-0.1 %.
Statistical analyses were performed with SPSS for Windows version 18.0 (SPSS). Regression analysis (Pearson productmoment correlation coefficient) was used to compare the FISH assay and the real-time PCR. Values of P,0.05 were considered statistically significant.
The characteristics of each patient are shown in Table 1 . Based on the FISH assay, EBER-positive lymphocytes were detected in all eight patients and they ranged from 0.05 to 0.78 % of lymphocytes (Table 1 ). The mean and SEM of the percentage of the EBER-positive cells was 0.27±0.13 % in haematopoietic stem cell transplantation recipients and 0.38±0.15 % in liver transplantation recipients. The phenotypes of each patient are also shown in Table 1 . The percentage of the total of CD20 + lymphocytes varies among patients, particularly in patients with haematopoietic stem cell transplant. In contrast, the percentages in the five healthy volunteers were within the normal range (14, 15, 19, 22 and 25 Fig. 2 ).
The percentage of the total of CD20 + cells in the five healthy volunteers was within the normal range, suggesting that the FISH assay was well performed. In contrast, these percentages vary among patients, particularly in patients with haematopoietic stem cell transplants (from 10 to 66 %, Table  1 ). Myeloablative chemotherapy followed by haematopoietic stem cell transplantation is associated with substantial B-and T-cell immunodeficiency for a period of up to several years (Douek et al., 2000; Storek et al., 1993) . As the reconstitution of B-and T-cells was not parallel, and this reconstitution is influenced by various factors, such as graft-versus-host disease (Storek et al., 2001) , the ratio of these cells may vary in patients for prolonged periods after transplantation.
B-cells play a large role in the humoral immune response. Naïve B-cells proliferate and differentiate to yield memory (Yoshida et al., 2010) . Human memory B-cells are predominantly identified by the expression of CD27 (Klein et al., 1998) . Mutated immunoglobulin sequences are found almost exclusively in CD27 + B-cells, and CD27 is expressed on B-cells upon their activation (Klein et al., 1998) ; however, it is absent from most cord-blood B-cells (Agematsu et al., 1997 
CD27
+ IgM memory cells) in patients with AIM, and this is the same as in latently EBV-infected cells from healthy carriers (Babcock et al., 1998) . In most cases of AIM, EBV-infected cells represented 10-50 % of circulating memory B-cells (Hochberg et al., 2004) . In this study, the EBV-infected cells were mostly CD20
, which appeared to be IgM
+ IgM memory cells. The phenotype of EBV-infected memory cells may differ in immunocompromised patients after transplantation compared with AIM patients. Alternatively, the composition of memory B-cell subsets in peripheral blood may be different between AIM patients and patients after stem cell/liver transplantation. Interestingly, the percentage of EBER
+ Bcells in patient 4, who underwent cord blood transplantation, was much less than in other patients. Further studies are needed to determine whether this difference leads to different clinical features.
In experiments with human B-lymphocytes, each EBVinfected cell was shown to contain one EBV episome 16 h after EBV infection (Alfieri et al., 1991) . With regard to cell lines, human lymphoblastoid X50-7 cells contain approximately five EBV genomes per cell (Arribas et al., 1995) . Raji cells, which were established in culture from a Burkitt's lymphoma biopsy, contain 50-60 genome equivalents per cell in latent form (Adams & Lindahl, 1975) . By using a FISH assay with a specific probe for the BamHI W region of EBV, Rose et al. (2002) EBV-infected CD27 + memory B-cells after transplantation genome copies per cell. High-load carriers had two populations of cells; one had one or two genome copies per cell and the other had more than ten copies per cell. By using another FISH assay, Calattini et al. (2010) reported that the average number of EBV genomes per cell in B-cells from patients with high EBV-DNA loads ranged from 7.3 to 22.25. EBV was also found at an approximately tenfold lower number of copies in T-cells than in B-cells. In the present study, the number of EBER-positive cells, measured by FISH, was significantly correlated with the EBV-DNA load determined by real-time PCR. As the number of EBERs is not correlated with the number of EBV genomes in infected cells, detection of EBERs does not provide a precise estimate of the number of EBV genomes present per cell. However, the number of EBV-genome equivalents can be calculated if the number of EBV genomes is equal in EBER-positive cells. Looking at the data in Fig. 2 -or NK cells (unpublished data) . The number of EBV genomes was estimated to be one tenth of that observed in the memory B-cells in this study (data not shown). These data are consistent with the results of Calattini et al. (2010) . Characterizing the phenotype of EBV-infected cells by the FISH assay combined with a realtime PCR assay enables a quantitative analysis of EBVassociated diseases. PBMCs from all eight patients were analysed by using the FISH assay. Amounts of EBV DNA in PBMCs from all eight patients were measured by using a real-time PCR assay.
